Small-diameter sensory neurones found in the rat dorsal root ganglia (DRG) include cells sensitive to glial cell line-derived neurotrophic factor (GDNF), which express the inhibitory peptide somatostatin (SOM). Here we addressed the functional relationship between GDNF and sensory neurone-derived SOM. Topical application of GDNF through the rat isolated dorsal horn of the spinal cord promoted activity-induced release of SOM from central terminals of sensory neurones. Once released by sensory neurones, SOM is known to act, at least in part, by opposing the action of Substance P (SP) in neurogenic inflammation. Therefore, we evaluated GDNF ability to modulate two well-documented effects of peripherally and centrally administered SP. Local application of GDNF in the mouse air pouch reduced SP-induced leukocyte migration. This effect of GDNF was mimicked by the SOM analog octreotide (OCT) and required intact SOM neuronal pools. Intrathecal injection of GDNF activated rat lumbar dorsal horn neurones and inhibited intrathecal SP-induced thermal hypersensitivity. This effect of GDNF was reversed by the SOM antagonist c-SOM and mimicked by OCT. In conclusion we propose GDNF regulation of neuronal SOM release as a novel mechanism that, if explored, may lead to new therapeutic strategies based on local release of somatostatin.
afferent neurones (6) . Some small cells expressing the receptor components for GDNF also express the inhibitory tetradecapeptide somatostatin (SOM) (6) (7) (8) . Primary afferent neurones send their axons centrally in the dorsal horn of the spinal cord and peripherally to the skin and most internal tissues where they serve afferent and efferent functions, respectively (9) . Neuronal SOM released in the periphery has been suggested to act as an endogenous anti-inflammatory peptide that opposes the actions of pro-inflammatory peptides, such as substance P (SP) in models of neurogenic inflammation (10) (11) (12) (13) (14) . The effect of pro-inflammatory peptides and other mediators predominates during active phases of inflammation, but promotion of SOM release from activated sensory neurones may play a role during the phase of resolution. Consequently, a potential role for SOM in treating major features of inflammation, such as pain and swelling, has been proposed (13) (14) (15) . Accordingly, SOM and its stable analog octreotide (OCT) are delivered intrathecally in humans to treat pain that does not respond well to conventional therapies (16, 17) , and SOM synthetic analogs exert anti-inflammatory and analgesic effects in rats (18, 19) .
We have shown recently that prolonged intrathecal administration of GDNF increased SOM expression in DRG and promoted release of the peptide in the rat isolated dorsal horn (20) . In this study, we assessed first whether GDNF would act locally and acutely to influence SOM release in the dorsal horn. Then, we tested the effect of single GDNF treatment in animal models in which SOM had been shown to play anti-inflammatory roles.
MATERIALS AND METHODS

In vivo methods
Intrathecal catheter implantation in rats
Adult male Wistar rats (Charles River, Margate, Kent, UK, 250 g body weight) were used. All procedures were in accordance with U.K. Home Office regulations. Rats were anaesthetized with sodium pentobarbitone (45 mg/kg i.p.), and a midline incision was made over the mid-thoracic spinal cord. Muscles were separated from bone by blunt-dissection, and a small laminaectomy was made at the sixth or seventh thoracic vertebra. A cannula was inserted under the dura mater, such that the tip rested over the lumbar enlargement. The opposite end was externalized at the top of the head. The muscles and the skin were closed in anatomical layers. All animals recovered without incident. Each animal was used at least 3 days after surgery for a maximum of four times with at least 4 days between intrathecal treatments.
Thermal threshold in rats
At a minimum of 3 days after surgery, rats were allocated randomly to different experimental groups and hind-paw thermal thresholds were measured for 2 consecutive days, before the day of the experiment. Each rat was placed in a clear plastic compartment of a three-compartment box with a glass floor and allowed for acclimate for 10-20 min. We elicited a paw-flick response with a high-intensity infrared beam focused on the plantar surface of left and right hind paws (21) . We monitored the time that elapsed to reflex removal of the hind paw from the beam (paw withdrawal latency, PWL). PWL was defined as the mean of three measurements. On the day of experiment, baseline PWLs were assessed and then rats received intrathecal injection of 10 µl of The animals were then killed by carbon dioxyde exposure 6 h after carrageenin injection and 4 h after Sar 9 -SP and zymosan injections. The air-pouches were lavaged with 2 ml PBS supplemented with 3 mM EDTA and 25 U/ml heparin. Lavage fluids were then centrifuged and supernatants frozen at -20ºC until required for biochemical determinations. The pellet was resuspended in 2 ml of lavage fluid, an aliquot was stained in Turks solution, and differential cell counts were performed by using a Neubauer haematocytometer. In some cases, we extracted spinal cords at the end of the experiment and determined SOM content as described below. In other cases, mice were treated with cysteamine or GDNF in the absence of inflammatory stimuli, 4 h before spinal cord collection.
In vitro and ex vivo methods
Adult rat dorsal horn slice isolation and mounting in vitro
Horizontal dorsal horn slices (400-µm thick), with or without dorsal roots attached, were obtained from the lumbar spinal cord of adult rats as previously described (24) . One slice was obtained from each rat. Slices were mounted in the central compartment of three-compartment chambers and superfused continuously at room temperature (1 ml/min) with oxygenated (95% O 2 and 5% CO 2 ) Krebs' solution (in mM: NaCl, 118; KCl, 4; MgSO 4 x 7H 2 O, 1.2; KH 2 PO 4 1.2; NaHCO 3 25; CaCl 2 2.5, and glucose 11). After a 1-h equilibration period, we substituted Krebs' solution by modified Krebs' solution containing bovine serum albumin (0.1 %, BSA), protease inhibitors (bacitracin 20 µg/ml, 10 µg/ml, phoshoramidon, 1 µM, captopril 100 µM) and antioxidant (dithiothreitol 6 µM) (Sigma). Fractions of the superfusates (8 ml) were collected in icecooled tubes in acetic acid (0.1 M). The dorsal roots were placed in the two lateral compartments on bipolar platinum electrodes and were covered in mineral oil to avoid dehydration (Aldrich, Milwaukee, WI). The lateral compartments were separated from the central one by a leak-proof partition of high-vacuum grease (Dow Corning Corp., Midland, MI).
Neuropeptide and glutamate release
We examined the release of SOM, SP, and glutamate in the isolated dorsal horn preparation after electrical stimulation of the dorsal roots (25) . We collected 8-min samples of superfusates in the following order: three fractions to measure basal outflow of transmitters, one fraction during electrical stimulation, and three fractions to measure return to transmitter basal levels. The dorsal roots were stimulated electrically at high-threshold fiber strength (square pulses of 0.5 ms duration and 20 V) for 8 min at 10 Hz (4,800 pulses) (26) .
Somatostatin extraction from mouse spinal cord
Spinal cords were removed by hydraulic extrusion, blotted, weighed, and then frozen in liquid nitrogen and stored at -80°C. To extract SOM, frozen cords were boiled for 20 min in 1 ml of glacial acetic acid. Samples were then homogenized for 20 s, centrifuged (10, 195 g for 20 min), and the supernatant was retained. The supernatants were partially purified by using Sep-Pak C 18 reverse-phase silica gel cartridges (see below). Purified samples were assayed for SOM content by ELISA. Recovery of SOM standard spiked into a spinal cord sample after Sep-Pak processing was 68%.
Processing of collected samples
To quantify SOM, SP, and glutamate levels in the superfusates or cell-free supernatants, we desalted and partially purified the samples by using Sep-Pak C 18 reverse-phase silica gel cartridges (Waters Associates, Watford, UK) (20, (24) (25) (26) . The cartridges were conditioned with acetonitrile (100%; HPLC grade; BDH Chemicals, Poole, UK) and trifluoroacetic acid (0.1%, TFA, HPLC grade, BDH). We then loaded the samples into the columns and eluted the peptide by using acetonitrile/TFA (80/20) solution. We dried the eluates by evaporation under nitrogen (recovery not less than 85% for SP and 67% for SOM).
ELISA for somatostatin
Dried samples were reconstituted in 200 µl assay buffer, and 50 µl aliquots were assayed by ELISA (0.6-30 fmol/50 µl/well, Peninsula Laboratories Inc., San Carlos, CA) as previously described (20) .
Radioimmunoassay for substance P
Dried samples were reconstituted in 300 µl of phosphate buffer, and 100 µl aliquots were assayed by radioimmunoassay (RIA, 1-100 fmol/tube) by using scintillation proximity assay (Amersham, Buckinghamshire, UK) as described previously (24) (25) (26) .
HPLC for glutamate
The remaining 100 µl of reconstituted samples that were assayed for peptide content were used for glutamate content determination by HPLC (25) .
Intrathecal injection of GDNF and immunostaining for phospho-ERK in the spinal cord
Six adult rats were anaesthetized with urethane (1.25 g/kg, i.p.). Five minutes after injection of either vehicle (see above) or GDNF, rats were perfused transcardially with 100 ml saline, followed by 500 ml paraformaldehyde/picric acid (15%) in phosphate buffer 0.1 M (PB). The cord was removed, postfixed in the same fixative for 24 h, and cryoprotected in 30% sucrose in PB. Coronal sections (30 µm) were cut and collected into PB containing 0.9% NaCl (PBS). Freefloating sections were incubated overnight at room temperature in PBS containing 0.3% Triton X-100 (PBST) with polyclonal anti-phospho ERK 1/2 (1:200, New England Biolabs, Hitchin, Hertfordshire, UK). After being washed, sections were incubated with the secondary antibody (anti-rabbit Cy3-labeled, Jackson Labs, West Grove, PA, 1:500) for 2 h at room temperature. After several washes, sections were mounted on gelatin-coated slides and all were coverslipped in Vectashield (Vector Laboratories, Burlingame, CA).
We counted the number of phospho-ERK positive neurones in 1 out of 18 sections at spinal cord level L2-L5 (total of 15-20 sections per animal). Results are expressed as the mean number of phospho-ERK positive neurones per section.
Statistical analysis
The majority of data were analyzed by ANOVA, followed by Tukey. One-tail Student's t-test was used for comparisons between two experimental groups. A threshold probability value <0.05 was taken as significant.
Chemicals
The following chemicals were used: Sar 9 -substance P, cysteamine, λ-carrageenin, and zymosan A (Sigma-Aldrich, Poole, UK); cyclo [7- aminoheptanoyl-Phe-D-Trp-Lys-Thr(Bzl)] (c-SOM) (Bachem, St. Helens Merseyside, UK); and octreotide (Sandostatin, Sandoz, 0.5 mg/ml); and human recombinant GDNF was a generous gift from Amgen (Thousand Oak, CA).
RESULTS
Effect of topical application of GDNF on release of sensory neuron transmitters in the dorsal horn
We have shown recently that prolonged in vivo treatment with GDNF increased SOM expression in the DRG and SOM release in the isolated dorsal horn-with dorsal root attached in preparation as measured ex vivo (20) . In this study, we confirmed initially that electrical stimulation of the dorsal roots did not increase SOM content in the superfusate fraction (32-40 min interval, 1A ). The effect of GDNF was fast, reversible, and exclusively on evoked release because SOM basal outflow was not modified by this trophic factor (24-32 min interval, Fig. 1A ). GDNF-induced release of SOM was dose-dependent, with a calculated EC 50 of 15.8 ng/ml (500 pM) (Fig. 1B) .
To rule out the possibility that the lack of SOM release in controls was due to failure in recruiting high-threshold fibers, we measured the release of SP that is induced by a wide range of high-threshold fiber firing patterns (25) . Under the same experimental conditions used for SOM, SP content in control slices was increased significantly in superfusate fractions collected during electrical stimulation of the dorsal roots (32-40 min interval, Fig. 1C ) compared with basal outflow fractions (8-32 min interval, Fig. 1C ). However, GDNF did not modify the pattern of SP release and left the basal outflow and electrical-evoked release of the peptide unchanged (Fig.  1C ). In addition, GDNF did not modify the pattern of glutamate release, which failed to show an increase over basal outflow following electrical stimulation in either control or GDNF-treated cord slices (Fig. 1D ). Glutamate is contained in both low-and high-threshold fibers, and, as previously observed, the lack of detection of glutamate release under our experimental conditions may be explained by fast uptake of the amino acid by both neurones and glia (25) .
To characterize the mechanism(s) by which GDNF promoted SOM release from activated sensory neurones up to measurable levels, we first evaluated whether the effect of GDNF was calcium-dependent. Figure 2A shows that GDNF-induced activity-evoked SOM release was absent in calcium-free medium. Then, because the functional receptor for GDNF, RET, is a tyrosine kinase receptor, we tested whether a tyrosine kinase inhibitor (K-252a) would modulate the effect of GDNF in the dorsal horn slice preparation. Superfusion of K-252a (100 nM), although not modifying SOM basal outflow (24-32 min interval, Fig. 2B ), abrogated GDNFinduced release of SOM during electrical stimulation of the dorsal roots (32-40 min interval, Fig.  2B ). K-252a alone did not alter the pattern of SOM release (Fig. 2B ).
Next, we tested for potential consequences of GDNF-induced sensory neurone activation. Neuronal SOM has been suggested to act as a functional antagonist of the pro-inflammatory and pro-nociceptive peptide SP released by a different population of sensory neurones (10, 11, 27) . Therefore, we determined GDNF ability to modulate SP-induced PMN migration in the mouse air-pouch model of inflammation and SP-induced hypersensitivity to a noxious thermal stimulus in the rat.
Effect of GDNF and OCT on Sar 9 -SP-induced PMN migration in mouse inflamed air-pouch model
In models of neurogenic inflammation in the rat, SP-induced neurotrophil chemotaxis/elicitation have been shown to be susceptible to SOM inhibition (11, 12) . In this study, we evaluated whether the SOM stable analog OCT and GDNF exerted any effect on neutrophil migration induced by several inflammogens in the mouse air-pouch model. Injections of carrageenin, zymosan, or Sar 9 -SP into the mouse air pouch induced intense neutrophil migration (Fig. 3A) . OCT injected into the air pouch at the same time as the inflammogens significantly reduced cell migration induced by zymosan and Sar 9 -SP but not by carrageenin (Fig. 3A) . GDNF modified neither carrageenin-nor zymosan-induced leukocyte influx into the air pouches (Fig. 3B) . However, GDNF, either given as single (3 µg) or repeated (3× 1 µg) doses, markedly inhibited Sar 9 -SP-induced PMN migration (Fig. 3C ). The effect of GDNF was prevented in mice previously treated with systemic cysteamine (Fig. 3C ) to deplete SOM pools selectively (28) . At the selected dose of 100 mg/kg, cysteamine produced neither lethargy and hypotension nor did it alter neutrophil migration (Fig. 3C) . To verify whether cysteamine had indeed depleted neuronal SOM pools, we extruded spinal cords from cysteamine-treated mice and control mice and extracted and quantified the peptide. Systemic cysteamine treatment (100 mg/kg s.c.) dramatically reduced spinal cord SOM contents measured 4 h after injection. SOM-LI values in controls that received water (5 ml/kg s.c., n=4) were 33.7±3.7 pg/mg wet tissue. This level dropped to 4.7±0.4 pg/mg wet tissue after cysteamine administration (n=3 mice, P<0.001, Student's t-test). A single injection of GDNF into the air pouch of naïve mice at a dose effective for inhibiting Sar 9 -SP-induced neutrophil migration (3 µg/mouse) significantly reduced SOM content measured in spinal cords 4 h after injection. SOM-LI values were as follows: 35.8±1.5 pg/mg wet tissue in controls that received PBS into the air pouch (n=4) and 15.8 ±5.0 pg/mg wet tissue in mice that received GDNF (n=4; P<0.05 Student's t-test). Our attempt to measure changes in SOM content in air-pouch exudates failed as the peptide levels fell below detection limit of our assay. These data show that GDNF inhibited leukocyte recruitment induced by SP and required intact SOM neuronal pools. The peripheral terminal of sensory neurones is likely to be both the source for SOM and the site of action for GDNF.
Effect of GDNF and OCT on intrathecal Sar 9 -SP-induced thermal hypersensitivity
In models of neurogenic inflammation, the damage to peripheral tissue causes increased sensitivity to noxious stimuli (hyperalgesia) that is initiated by enhanced release of glutamate and SP from central terminals of nociceptive fibers in the dorsal horn (29) . Accordingly, in this study intrathecal injection of Sar 9 -SP (10 µg/rat) reduced thermal threshold in normal rats (thermal hyperalgesia) (Fig. 4A) . However, sensory neurons can also release the inhibitory peptide SOM following noxious stimulation (30) . In our study, single intrathecal injections of SOM stable analog OCT (3.2 µg/rat) or the SOM antagonist, c-SOM (0.3 µg/rat) did not alter rat threshold to noxious thermal stimuli ( Fig. 4B and C) . Similarly, GDNF (12 µg/rat) did not modify rat thermal threshold (Fig. 4D) . However, when OCT was administered 10 min before Sar 9 -SP (Fig. 5B) , it completely prevented Sar 9 -SP-induced thermal hyperalgesia observed 15 min post-injection in vehicle-treated rats (Fig. 5A) . OCT inhibition of thermal hyperalgesia was still observed at 30-and 45 min-intervals after Sar 9 -SP injection (not shown). Similarly, GDNF injected 10 min before Sar 9 -SP (Fig. 5C ) or 10 min after Sar 9 -SP (Fig. 5D ) significantly inhibited or abolished the hyperalgesia that developed 15 min after Sar 9 -SP injection, respectively. However, unlike OCT, GDNF did not prevent Sar 9 -SP-induced hyperalgesia at 30-and 45-min intervals after injection (data not shown).
When the SOM antagonist c-SOM was co-administered with GDNF 10 min after Sar 9 -SP, normal thermal hyperalgesia developed at 15-min intervals after Sar 9 -SP (Fig. 5E ), as in vehicletreated rats (Fig. 5A) , and persisted up to 45 min (not shown).
These data show that activation or blockage of SOM receptors in the dorsal horn did not change rat threshold to noxious thermal stimuli. However, centrally administered OCT and GDNF inhibited the hypersensitivity to thermal stimuli that followed intrathecal injection of SP. The effect of GDNF was likely to be mediated by SOM, as was prevented by a SOM receptor antagonist.
To prove that GDNF had reached its proposed site of action in the dorsal horn, we evaluated whether a single intrathecal injection of GDNF induced activation of extracellular signalregulated kinase, ERK. This is because after binding to its receptor components, GDNF activates mitogen-activated protein kinase (MAPK) (31, 32) . In the dorsal horn of the spinal cord, MAPK activation results in an increase in the phosphorylated form of ERK, which can be visualized immunohistochemically (33) . We observed that phospho-ERK labeling was undetectable in the dorsal horn of control animals (Fig. 6A) , whereas GDNF injection induced phosphorylation of ERK in neuron-shaped cells in laminae I and II (thin arrows in Fig. 6B and C) . Some of them had the typical shape of flattened marginal cells located in lamina I. We observed a second type of diffuse labeling in round-shaped cells and processes in lamina II (thick arrows in Fig. 6B and C). These processes could be either lamina II neurones and /or terminals of primary afferent fibers.
DISCUSSION
The present study provides experimental evidence that supports the possibility that GDNF can exert fast modulatory effects towards the population of sensory neurons that express the receptor components for this trophic factor and contain the inhibitory non-opioid neuropeptide SOM. This mechanism underlies novel functional effects of GDNF in experimental inflammation and central hyperalgesia.
We suggest that GDNF modulated sensory neuron synaptic activity at both central and peripheral terminal levels based on the following evidence: i) acute application of GDNF through the rat dorsal horn isolated in vitro, enhanced up to measurable levels the release of SOM evoked by electrical stimulation of the dorsal roots. This effect of GDNF was dependent on external calcium ions and on tyrosine kinase activation in the dorsal horn. ii) Single, as well as repeated, application of GDNF selectively reduced neutrophil migration induced by the chemoattractant SP in the mouse air-pouch model of inflammation. The effect of GDNF was mimicked by OCT and absent when neuronal SOM pools were depleted. iii) Single intrathecal injection of GDNF in the rat lumbar spinal cord had restored to normal values the reduced threshold to thermal stimuli that developed after spinal delivery of SP. The effect of GDNF was reversed by the SOM antagonist c-SOM and mimicked by OCT. At the time when GDNF was effective in inhibiting SP-induced thermal hypersensitivity (5 min post injection of the trophic factor), the extracellular signal-regulated kinase ERK was activated in the dorsal horn.
We have shown previously that prolonged intrathecal treatment with GDNF increased the number of SOM-containing sensory neurones in the DRG and the activity-induced release of SOM in the dorsal horn isolated ex-vivo (20) . These actionsof GDNF resembled the regulatory effect of NGF on the TrkA expressing population of sensory neurones that contain the peptides SP and calcitonin gene-related peptide (CGRP) (34) . However, we report here that, in contrast to NGF, which does not have acute modulatory action on SP and CGRP release in the dorsal horn (34) , topical application of GDNF promotes SOM release by a mechanism requiring calcium ion entry and activation of tyrosine kinase receptor (possibly RET). This is the first report to our knowledge that suggests GDNF may act as a fast neuromodulator, mimicking trophic factors such as BDNF and NT-3 (35) . As previously argued (20) , the lack of SOM release following electrical stimulation of the dorsal roots in control slices could not be attributed to a failure of electrical stimulation to recruit high-threshold fibers that contain the peptide. This is because, under the same conditions, SP that is also contained in high-threshold fibers (27) was released significantly. However, primary afferent fiber contribution to the total dorsal horn SOM content is much lower than SP content (36) . It is possible that SOM release under normal conditions in the dorsal horn is too low to be detected and that GDNF increases activity-induced release up to measurable levels. In this study we have begun to determine the intracellular mechanism by which GDNF promoted the release of SOM. A potential pathway could involve activation of GDNF receptor-coupled tyrosine kinase activity that can lead to MAP-kinase activation. This possibility is based on two observations. First, the effect of GDNF on SOM release in the dorsal horn was prevented by K-252a, a tyrosine kinase inhibitor. Second, intrathecal injection of GDNF to anaesthetized rats induced ERK phosphorylation in the superficial laminae, where primary afferent fibers containing SOM terminate (7, 27) . In addition, the calcium-dependency of GDNF effect on SOM release suggests that GDNF promoted a substantial buildup in cytosolic calcium ion concentration, which is known to be required for release of peptides from large, dense core vesicle (37) . It remains to be established which SOM neuronal pool in the dorsal horn is targeted by GDNF treatment. These pools include sensory afferent fibers, intrinsic neurones, and some brain stem axons (8) . However, it is likely that GDNF acted on primary afferents, because GFRα-1 immunoreactivity is found on axon terminals of sensory neurones in dorsal horn lamina II (38) , some of which contain SOM (6) and also express RET (20) . Moreover, because there is lack of evidence for RET mRNA expression in these neurones, it is unlikely that GDNF promoted release of SOM from interneurones (38) . Therefore, our data so far indicate that GDNF promoted activity-induced SOM release in the dorsal horn following binding to its receptor components, likely GFR-α1 and RET (6, 20) on primary afferent fibers. GDNF ability to modulate sensory neurone activity prompts us to examine whether GDNF treatment would result in functional changes in the whole animal that could be attributed to facilitation of local SOM release from peripheral and/or central sensory neuron endings.
Peripherally administered GDNF and OCT
After tissue injury, the SOM released by peripheral terminals of sensory neurones acts as antiinflammatory peptide that directly opposes the actions of pro-inflammatory peptides such as SP in neurogenic inflammation (9, 10, 13, 14) . SP activates NK 1 receptors on the venular endothelium to increase microvascular permeability and promote plasma extravasation (9) . SP also stimulates leukocyte adhesion to the vessel wall and their emigration into the inflamed tissue, an effect again brought about by NK 1 receptors (39). SOM and OCT have been shown to reduce neutrophil elicitation in carrageenin-induced inflammation in the rat air-pouch model in vivo (12) and neutrophil chemotaxis promoted by SP in vitro (11) . The latter cell type, as well as human mononuclear cells, expresses the receptors for both SP and SOM (40, 41) . In this study, we confirmed that OCT locally applied into the mouse air pouch inhibited SP-and zymosaninduced neutrophil extravasation. However, we could not reproduce the OCT-inhibition of carrageenin-induced PMN migration reported in the rat air-pouch model (12) . Differences in species or in protocols used could explain this discrepancy. Like OCT, GDNF that was injected locally into the mouse air pouch inhibited SP-induced PMN migration. In this experimental condition, however, GDNF did not alter the effect of either zymosan or carrageenin. The observation that depletion of neuronal SOM pools by cysteamine prevented the effect of GDNF strongly suggests that GDNF is counteracting the effect of SP by activating the endogenous SOM system. However, cysteamine treatment did not modify the extent of PMN migration promoted by the NK 1 receptor activator, ruling out a role for endogenous SOM within the time frame of our observation. The peripheral terminal of sensory neurones is likely to be both the source for SOM and the site of action for GDNF as they express its receptor components (6, 20) .
In addition, the observation that SOM content was decreased in the spinal cord of mice that received GDNF directly into the air pouch supports the possibility that peripherally acting GDNF might have promoted release of SOM from central terminals of primary afferent fibers. For GDNF to act centrally it could either distribute systemically after local injection or is transported retrogradely. We favor neither of these two possibilities. First, in analogy to other proteins (e.g., IL-1ß, M. P. unpublished observations), GDNF is likely to remain localized into the air pouch; second, GDNF would have moved about 0.5 cm along peripheral nerve by fast axonal retrograde transport. Taken together, the data obtained in the mouse air-pouch model suggest that peripherally administered GDNF opposes the pro-inflammatory effect of SP likely by inducing release of SOM from primary afferent fibers.
Centrally administered GDNF and OCT
It is now well established that peripheral tissue inflammation causes increased sensitivity to noxious stimuli (hyperalgesia) consequent to a facilitated state of spinal processing (central sensitization). This is initiated by the release of excitatory transmitters, such as glutamate and SP from central terminals of afferent C-fibers and persists beyond activation of glutamate and NK 1 receptors (29) . Accordingly, intrathecal injections of SP or N-methyl-D-aspartic acid (NMDA) (a selective agonist to NMDA receptors for glutamate) induce thermal hyperalgesia in rats (29) , and NMDA as well as NK 1 receptor antagonists are antihyperalgesics in models of inflammation (42, 43) . However, sensory neurones also release SOM following noxious stimulation of peripheral nerves (30) and in neurogenic inflammation (19) . In the dorsal horn exogenous SOM mainly depresses the firing of dorsal horn neurones activated by noxious stimulation (44, 45) . Accordingly, SOM applied intrathecally has an antihyperalgesic effect in animal models of inflammation (46) . SOM receptors have been identified in the dorsal horn matching the distribution of SOM (47) (48) (49) , but SOM receptors and NK 1 receptors are expressed by different population of neurones (49) .
In this study we tested the hypothesis that activation of SOM receptors in the dorsal horn would oppose the action of SP on NK 1 receptors mimicking the relationship between these two systems delineated in the periphery.
Therefore, we first showed that intrathecal OCT inhibited SP-induced thermal hyperalgesia, which suggests that activation of SOM receptors in the dorsal horn can functionally antagonize the excitatory effect of SP that results in thermal hypersensitivity. Then we proved the hypothesis that, similarly to OCT, GDNF would counteract SP-induced thermal hyperalgesia and that the effect of GDNF would be prevented by a SOM receptor antagonist. However, the effect of OCT after single intrathecal injection was long-lasting, whereas the effect of GDNF lasted only a few minutes. Several reasons could account for this short-lasting effect of the trophic factor. A plausible one is that if GDNF were antihyperalgesic by releasing SOM, the duration of the effect of the endogenous peptide would be limited by its enzymatic degradation (50, 51) . However, we have not examined the time course of the effect of SOM in our model, but because OCT shows greater metabolic stability than SOM (51), its effect would last longer. Our observation that the extracellular signal-regulated kinase, ERK, was activated in superficial laminae as early as 5 min after the intrathecal GDNF injection indicated that this trophic factor had reached the dorsal horn at the time it was effective in inhibiting the effect of SP. This is because after binding to its receptor components, GDNF activates MAPK (31, 32) . Finally, the short duration of the antihyperalgesic effect of GDNF could not be attributed to its degradation because a single injection of GDNF has been shown to have long-lasting effects in models of neuronal degeneration (4) .
The data obtained in the model of SP-induced thermal hypersensitivity indicate that in the dorsal horn OCT and GDNF functionally antagonized the effect of SP by mechanisms requiring direct and indirect activation of SOM receptors, respectively.
A final comment is due to the modality of GDNF action. In all models used in this study, GDNF appeared to modulate SOM release exclusively from activated sensory neurones. In the dorsal horn preparation, sensory neurones were stimulated electrically. In the air-pouch model, sensory nerves were likely to be activated during the underlying tissue remodeling that occurs 6 days after the initial injection of air (52) . In the plantar test for monitoring thermal sensitivity, sensory neurones were activated by a thermal noxious stimulus. All together, these arguments support a modulatory role for GDNF in the complex scenario characteristic of neurogenic inflammation. We propose that GDNF modulation of activity-induced release of SOM is a novel mechanism that deserves exploration as a potential new therapeutic strategy based on local release of SOM to control two major features of inflammation, pain and leukocyte recruitment. -free Krebs' solution containing 10 mM EDTA (□). Electrical stimulation (black horizontal bar, 20 V, 0.5 ms, 10 Hz) was applied after collection of two basal outflow fractions. Points represent means ± SE of four preparations. *P<0.05 versus analog fractions collected in the presence of Ca 2+ (ANOVA followed by Tukey test). B) GDNF effect on electrically evoked release of SOM was inhibited by a tyrosine antagonist. GDNF (30 ng/ml, ■) was present for 16 min (horizontal white bar) in the fraction before and during stimulation (horizontal black bar). The tyrosine antagonists K 252a (100 nM, horizontal white bar) was present in the fraction before and during stimulation either alone ( ) or with GDNF (○). Points are means ± SE of at least four preparations for each group. *P<0.05 ANOVA followed by Tukey test. 3 . Effect of OCT and GDNF on carrageenin-, zymosan-, and Sar 9 -SP-induced neutrophil migration in inflamed air-pouches in the mouse. A) Carrageenin (CARRA 0.1 %, 0.5 ml), zymosan A (ZYM , 1 mg/0.5 ml) and Sar 9 -Substance P (Sar 9 -SP, 10 µg/0.5 ml) were injected into the air pouches at time 0 and granulocytes (PMN) counted in lavage fluids obtained 6h (CARRA) or 4h (ZYM and Sar 9 -SP) after injections. OCT (25 µg/mouse) was injected with each inflammogens. *P<0.05 ANOVA followed by Tukey test (n=6-7) . B) GDNF (3 µg/mouse) was co-injected into the air-pouches with CARRA or ZYM to groups of 12 or 8 mice, respectively. C) GDNF (single dose, 3 µg or repeated administration 1 µg for 3 times) was co-injected with Sar 9 -SP into the air pouches of 8 mice. PBS or GDNF (3 µg) and Sar 9 -SP were co-injected into the air-pouches of mice pretreated 4 h earlier with either water (5 ml/kg s.c.) or cysteamine (100 mg/kg s.c.). The number of mice was 6 in each group. *P<0.05 ANOVA followed by Tukey test. 
